Targeted therapy against epidermal growth factor receptor (EGFR) represents a major therapeutic advance in lung cancer treatment. Somatic mutations of the EGFR gene, most commonly L858R (exon 21) and short in-frame exon 19 deletions, have been found to confer enhanced sensitivity toward the inhibitors gefitinib and erlotinib. We have recently identified an EGFR mutation E884K, in combination with L858R, in a patient with advanced lung cancer who progressed on erlotinib maintenance therapy, and subsequently had leptomeningeal metastases that responded to gefitinib. The somatic E884K substitution appears to be relatively infrequent and resulted in a mutant lysine residue that disrupts an ion pair with residue R958 in the EGFR kinase domain C-lobe, an interaction that is highly conserved within the human kinome as demonstrated by our sequence analysis and structure analysis. Our studies here, using COS-7 transfection model system, show that E884K works in concert with L858R in-cis, in a dominant manner, to change downstream signaling, differentially induce Mitogen-activated protein kinase (extracellular signaling-regulated kinase 1/2) signaling and associated cell proliferation and differentially alter sensitivity of EGFR phosphorylation inhibition by ERBB family inhibitors in an inhibitorspecific manner. Mutations of the conserved ion pair E884-R958 may result in conformational changes that alter kinase substrate recognition. The analogous E1271K-MET mutation conferred differential sensitivity toward preclinical MET inhibitors SU11274 (unchanged) and PHA665752 (more sensitive). Systematic bioinformatics analysis of the mutation catalog in the human kinome revealed the presence of cancer-associated mutations involving the conserved E884 homologous residue, and adjacent residues at the ion pair, in known proto-oncogenes (KIT, RET, MET and FAK) and tumorsuppressor gene (LKB1). Targeted therapy using smallmolecule inhibitors should take into account potential cooperative effects of multiple kinase mutations, and their specific effects on downstream signaling and inhibitor sensitivity. Improved efficacy of targeted kinase inhibitors may be achieved by targeting the dominant activating mutations present.
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Introduction
Targeted therapy using epidermal growth factor receptor (EGFR) kinase inhibitors represents a major therapeutic advance in lung cancer treatment. Somatic mutations of the EGFR gene, most commonly L858R (exon 21) and short in-frame deletions in exon 19, have recently been identified as catalytic domain mutation hotspots (Shigematsu and Gazdar, 2006) . These mutations confer enhanced sensitivity toward the anilinoquinazoline kinase inhibitors gefitinib and erlotinib (Lynch et al., 2004; Paez et al., 2004) . A mutation conferring resistance to these two kinase inhibitors, T790M (exon 20), has also been found in the EGFR kinase domain and can account for about half of the cases of acquired resistance (Kobayashi et al., 2005) . There are a number of other kinase domain mutations of EGFR that occur at lower frequencies, most often in combination with L858R (Tam et al., 2006) . However, how these mutations might interact when present together in-cis is unknown.
We recently identified a novel EGFR kinase domain somatic mutation, E884K (Glu884Lys, exon 22) in a patient with stage IV non-small-cell lung cancer, in combination with the L858R mutation (L858R þ E884K) (Choong et al., 2006) . The patient initially received carboplatin/paclitaxel and erlotinib and then developed brain metastasis on maintenance erlotinib. In spite of further treatment with whole brain radiation, temozolomide and irinotecan, the patient's disease progressed to symptomatic leptomeningeal carcinomatosis, which responded to gefitinib, a year after being off an EGFR kinase inhibitor. The L858R þ E884K double mutation was found both in her pretreatment diagnostic thoracic lymph node biopsy specimen as well as in the tumor cells (extracted by laser microdissection) within the cerebrospinal fluid during the course of leptomeningeal metastases (Choong et al., 2006) . The E884K mutation represents the first mutation reported to show an apparent differential response to the two EGFR kinase inhibitors erlotinib and gefitinib, whereas L858R was known to be sensitizing to both. These findings led to our hypothesis that EGFR kinase mutations can work together to differentially alter inhibitor sensitivity and downstream signaling. Further biochemical analysis in our current study indicates that the double mutant EGFR (L858R þ E884K) responds differently to gefitinib and erlotinib. We now show that E884K works in concert with L858R, and in a dominant manner, to mediate differential sensitivity to kinase inhibitors through altered phosphorylation of AKT and signal transducer and activator of transcription 3 (STAT3) and were correlated with differential cellular cytotoxicity and induction of the apoptotic marker cleaved-PARP(Asp214) by EGFR inhibitors. Using a combination of bioinformatics and structural analyses, we further characterized the role of the E884 residue in EGFR kinase function. Our results further demonstrate that the ion pair formed by residues E884 and R958 in the EGFR kinase domain is a highly conserved feature of protein kinases in the human kinome, including many 'druggable' targets such as MET. Disruption of the conserved ion pair in EGFR modulates downstream signal transduction and differentially alters kinase inhibitor sensitivity in an inhibitor-specific manner.
Results
E884K works in concert with L858R mutation to confer differential inhibitor sensitivity through inhibition of AKT and STAT3 downstream signaling We hypothesize that EGFR kinase mutations can work together to differentially alter inhibitor sensitivity. To test this hypothesis, EGFR expression constructs engineered with L858R (LR) or dual mutations of L858R þ E884K (LR þ EK) were stably transfected into COS-7 cells. Cells were treated with increasing concentrations of either erlotinib or gefitinib in the presence of EGF stimulation (Figure 1a) . Compared with L858R alone, the L858R þ E884K dual mutant was less sensitive to erlotinib in the inhibition of tyrosine phosphorylation of EGFR. Conversely, E884K worked in concert with L858R in-cis to further enhance the sensitivity of the mutant receptor to gefitinib inhibition (Figures 1a and b) . These findings correlated with the clinical course of the patient's response profile (Choong et al., 2006) and highlight the potential for EGFR kinase mutations to exert concerted effects in-cis to impact targeted inhibition.
To gain insight into the mechanism of E884K modulation of EGFR tyrosine kinase inhibitor (TKI) sensitivity, we further studied its effect on downstream AKT and STAT3 signaling pathways with TKI inhibition. The effect on the downstream signal mediators p-AKT (S473) and p-STAT3 (Y705) correlated well with the inhibition of EGFR phosphorylation ( Figure 1a) ; E884K in-cis with L858R decreased erlotinib inhibition of AKT and STAT3 phosphorylation but increased inhibition by gefitinib. The differential inhibition exerted by E884K on EGFR, AKT and STAT3 signaling also corresponded to the inhibitor-induced expression pattern of the apoptotic marker, cleaved-PARP(Asp214) (Figure 1c ). Similarly, there was an opposite effect of the E884K mutation over L858R incis in inducing cellular cytotoxicity by erlotinib and gefitinib ( Figure 1d ). Hence, E884K in-cis with L858R differentially altered inhibitor sensitivity when compared with L858R alone, through differential inhibition of the prosurvival AKT and STAT3 signaling pathways associated with altered induction of cleaved-PAR-P(Asp214).
E884K-EGFR modulates inhibitor sensitivity effects in an inhibitor-specific manner
To further examine the hypothesis that EGFR mutations exert effects in combination that are unique to a specific kinase inhibitor, we further tested the mutant EGFR expressing L858R alone or L858R þ E884K in-cis, against several other ERBB family TKIs, including both reversible inhibitors (4557W, Lapatinib, GW583340, Tyrphostin-AG1478) and irreversible inhibitor 785) (Figure 2 and Supplementary  Figure 2) . We focused on the effects of these inhibitors on the sensitivity of inhibition of the EGFR kinase phosphorylation in the mutant EGFR. As the tyrosine phosphorylation of the EGFR has been shown to correlate well with its catalytic enzymatic activity, we used the tyrosine phosphorylation of the pY1068 (GRB1-binding site) epitope of EGFR as the surrogate measurement of the extent of inhibition by the TKIs. For 4557W (reversible dual TKI of EGFR/ERBB2), the E884K mutation modulated the L858R mutation in-cis, again in a dominant manner, rendering the doublemutant receptor more sensitive to the dual inhibitor Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al Figure 1 E884K mutation of epidermal growth factor receptor (EGFR) worked in concert with L858R to differentially alter sensitivity to EGFR kinase inhibitors erlotinib and gefitinib. (a) Stable COS-7 transfects expressing the L858R and double-mutant L858R þ E884K variants of EGFR were used in the experiment. The endogenous wild-type EGFR expression of parental COS-7 cells is negligible (data not shown). Cells were cultured in 0.5% bovine serum albumin-containing serum-free media for 16 h and then incubated with increasing concentrations of either erlotinib or gefitinib in the presence of EGF (100 ng/ml). Whole-cell lysates were extracted for SDS-polyacrylamide gel electrophoresis and immunoblotting using antibodies against: p-EGFR (Y1068), phosphotyrosine (p-Tyr), EGFR, p-AKT (S473), AKT, p-STAT3 (Y705), STAT3 and b-actin. The experiment was performed in duplicate with reproducible results. The E884K mutation negatively modulated the effect of L858R to erlotinib inhibition in a dominant manner but enhanced sensitivity of the mutant receptor to gefitinib inhibition. (b) Densitometric quantitation of the p-EGFR (Y1068) levels showing differential alteration of sensitivity to erlotinib (more resistant) and gefitinib (more sensitive) by the E884K mutation when in-cis with L858R. The densitometric scanning of the p-EGFR immunoblot bands was performed digitally using the NIH ImageJ software program and was normalized to the total EGFR expression levels. (c) Relative expression of the apoptotic marker cleaved-PARP(Asp214) in L858R and L858R þ E884K EGFR variants treated with increasing concentrations of erlotinib (left) and gefitinib (right). The immunoblot from whole cell lysates as in (a), using anti-cleaved-PARP(Asp214) (c-PARP) antibody is shown here (above) together with the densitometric quantitation (below) adjusted to b-actin loading control using the NIH ImageJ software program. (d) COS-7 cells with stable transduced expression of L858R or L858R þ E884K mutant EGFR were tested in cellular cytotoxicity assay in vitro under drug treatment with either erlotinib or gefitinib at indicated concentrations. Results are shown in percentage change of cell viability of L858R þ E884K EGFR-COS-7 compared with the control L858R EGFR-COS-7 cells at each concentration of TKI tested. E884K mutation, when in-cis with L858R, significantly decreased the sensitivity of cell viability inhibition by erlotinib compared with L858R alone; however, it significantly increased the sensitivity of cell viability inhibition by gefitinib compared with L858R alone. In the case of erlotinib, E884K was desensitizing to L858R, leading to lower cytotoxicity (56.3 ± 2.68% increased viable cells after inhibition at 5 mM, P ¼ 0.0004) compared with L858R alone. Conversely, in gefitinib inhibition, E884K further sensitized L858R in-cis, leading to significantly higher cytotoxicity (63.5 ± 6.86% decreased viable cells after inhibition at 5 mM, P ¼ 0.0013) compared with L858R alone. Error bar, s. ( Figure 2 ). Hence, E884K mutation can work in concert with L858R to modulate mutant receptor sensitivity to different targeted inhibitors. Similarly, E884K further enhanced the sensitivity of L858R to the inhibition by the irreversible EGFR/ERBB2 inhibitor, CL-387,785. On the other hand, the sensitivity of EGFR phosphorylation between the L858R and L858R þ E884K EGFR receptors in Tyrphostin-AG1478 (reversible EGFR-TKI), GW583340 (reversible dual EGFR/ERBB2-TKI) and lapatinib (reversible dual EGFR/ERBB2-TKI) did not significantly differ. Hence, the E884K mutation, when in-cis with L858R, modulates the sensitivity of the mutant receptor toward ERBB family kinase inhibitors in an inhibitor-specific manner.
E884K is activating, and can work cooperatively with L858R to differentially modulate downstream signal transduction To address the question whether there are other downstream phosphoproteins that can be differentially activated by the E884K mutation compared with the activating L858R mutation, the global phosphotyrosine profiles of the cellular proteins induced by the mutant EGFR were examined. The E884K alone and L858R þ E884K double-mutant EGFR remained sensitive to EGF, and the E884K mutation cooperates with L858R when in-cis to further enhance the mutational effects on downstream phosphoprotein activation (data not shown). To date, essentially all mutational combinations involving L858R studied thus far were found to Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al exist in-cis, suggesting potential cis mutation-to-mutation cooperation in EGFR signaling and possibly tumorigenesis (Tam et al., 2006) . To determine the effect of E884K on mutant EGFR signaling, we next studied the EGFR activation of the downstream PI3K-AKT-MAPK (ERK1/2)-STAT pathway. E884K mutant (alone or in-cis with L858R) receptor exhibited constitutive activation of the tyrosine phosphorylated EGFR comparable with L858R ( Figure 3a ). E884K and L858R þ E884K mutants remained sensitive to EGF and were activated by the ligand to a level comparable with L858R ( Figure 3a) . L858R was associated with downstream activation of p-AKT signaling, which was inducible by EGF stimulation. When in-cis with L858R, E884K mutation (L858R þ E884K) downregulated constitutive AKT phosphorylation. E884K, alone or in-cis with L858R, can also mediate constitutive induction of p-STAT3 (pY705) (important for STAT3 dimerization and transcriptional activation of target genes) ( Figure 3a) . Interestingly, the double mutation L858R þ E884K conferred a distinctly more sensitive response to EGF stimulation selectively in the mitogenactivated protein kinase (extracellular signaling-regulated kinase 1/2) (MAPK-ERK1/2) cell proliferation pathway compared with either wild type, E884K alone or L858R alone. Consistent with this differential signaling effect, the L858R þ E884K-COS-7 cells had a significantly higher cell proliferation rate than that of the L858R-COS-7 cells in the MTS cell proliferation assay for 5 days (Figure 3b ). At days 3 and 5, the cell proliferation rate as determined by % viable cell increase during the assay period was 1.46-fold (day 3) and 1.40-fold (P ¼ 0.0013) higher (day 5) in L858R þ E884K than L858R alone. L858R þ E884K Figure 2 Effects of L858R/E884K-EGFR on other epidermal growth factor receptor (EGFR) kinase inhibitors. The EGFR mutation E884K modulated L858R mutation in-cis with inhibitor-specific effects on the sensitivities to EGFR phosphorylation inhibition by the inhibitors (4557W, GW583340, Tyrphostin-AG1478, lapatinib and CL-387,785). Stable COS-7 transfectant cells expressing equivalent levels of the following EGFR variants were used: L858R (LR) and L858R þ E994K (LR þ EK). Cells were cultured in 0.5% bovine serum albumin-containing serum-free media for 16 h, and then treated with or without increasing concentrations of the EGFR TKIs as indicated, in the presence of EGF stimulation (100 ng/ml). Whole cell lysates were extracted for SDS-polyacrylamide gel electrophoresis and immunoblotting using the following antibodies: p-EGFR (Y1068), EGFR and b-actin. E884K mutation worked in concert with L858R in-cis to enhance the sensitivity of the mutant receptor to inhibition by the kinase inhibitor 4557W, and CL-387,785. On the other hand, it has little effects on the inhibition by lapatinib, GW583340 and Tyrphostin-AG1478.
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Z Tang et al also conferred a higher induction of p-CBL as well. Hence, the double mutation L858R þ E884K modulated basal and stimulated downstream EGFR signaling differentially with differential effects on the AKT (downregulated), CBL and MAPK-ERK1/2 phosphorylation (upregulated). Moreover, E884K had a dominant effect over L858R, when in-cis, in these signaling modulatory effects.
Disruption of a conserved ion pair, Glu(E)884-Arg(R)958, in EGFR differentially alters kinase inhibitor sensitivity Next, bioinformatics analysis of the E884 residue was performed by multiple kinase domain amino-acid sequence alignments of the human kinome, using the AliBee multiple sequence alignment program (GeneBee, Moscow, Russia) (Supplementary Figure 1) . Aminoacid alignments of the kinase domains of phylogenetically diverse groups of kinases such as among the ERBB family, the vascular endothelial growth factor receptor family and the TRK family show that the E884 residue is highly conserved (Figure 4a ). In addition, a second residue was also found to be highly conserved (R958) (Figure 4a ). Further multiple sequence alignments of 321 human kinase domains show high conservation of both E884 and R958 residues of the EGFR kinase domain (Supplementary Figure 1) . The glutamic acid residue (E884) is conserved in >77% and the arginine residue (R958) is conserved in >55% of human kinases in the kinome. Finally, we mapped the locations of the L858R and E884K mutations onto the three-dimensional structure of the EGFR kinase domain complexed with erlotinib and with lapatinib (PDB accession codes 1M17 (Stamos et al., 2002) and 1XKK (Wood et al., 2004) ) (Figure 4b ). We also generated a superposition of the EGFR kinase domain with multiple diverse kinase catalytic domains (Figure 4c ). These analyses show the structural conservation of the buried Glu(E)-Arg(R) ion pair and that the exon 22 residue, E884, is physically distant from L858 in exon 21. Furthermore, unlike L858, E884 is not proximal to the adenosine triphosphate-binding cleft of the kinase domain, making it difficult to predict its effects on kinase inhibitor interactions. Mutation of the acidic glutamate residue at codon 884 to a basic lysine will disrupt the highly conserved ion pair through charge-charge repulsion with the basic residue R958 (Figures 4b and c) .
To further test the hypothesis of the disruption of the conserved E884-R958 salt bridge as a mechanism underlying the differential response of the mutant EGFR to kinase inhibitors, we tested the double mutant L858R þ R958D against erlotinib and gefitinib (Figure 5) . Substitution of the wild-type Arg(R)958 with Asp(D)958 was created using site-directed mutagenesis. We hypothesized that the R958D substitution would disrupt the ion pair with E884 through electrostatic repulsion, in a way similar to the effect of the E884K substitution. COS-7 cells transfected to express the indicated mutant EGFR receptors were inhibited using either erlotinib or gefitinib in vitro with increasing concentrations. Similar to E884K, R958D modulated the sensitizing effect of L858R differentially to reversible EGFR inhibitors when in-cis (with L858R). R958D mutation, when in-cis with L858R, decreased the Figure 3 Effects of mutational disruption of the Glu(E)884-Arg(R)958 ion pair in epidermal growth factor receptor (EGFR) signaling. (a) Stable COS-7 transfectant cells expressing the various EGFR variants were cultured in 0.5% bovine serum albumincontaining serum-free media, followed by EGF stimulation (100 ng/ml, 10 min). Whole cell lysates were prepared for SDSpolyacrylamide gel electrophoresis and immunoblotted using the antibodies against: phosphotyrosine (pY-EGFR), EGFR, p-CBL (Y774), CBL, p-STAT3 (Y705), STAT3, p-AKT (S473), AKT, p-ERK1/2 (T202/Y204), ERK1/2 and b-actin. E884K, either alone or in-cis with L858R, modulated differential activation of downstream mutant EGFR signaling. (b) The EGFR double mutations L858R þ E884K conferred a significantly higher cell proliferation rate than L858R alone in the COS-7 cells stably expressing the transduced mutant EGFR. Cellular viability assay was performed with the cells growing in regular growth media (10% fetal bovine serum) up to 5 days as described in Materials and methods. The MTS viability assay was performed in triplicate. Error bar, s.d. *P ¼ 0.0013.
Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al sensitivity of the mutant receptor to erlotinib inhibition, while increasing the sensitivity to gefitinib in a dominant manner (Figures 5a and b) .
Mutational disruption of the conserved kinase ion pair in MET kinase by E1271K-MET also differentially alters the sensitivity of phosphorylation inhibition by MET inhibitors MET has been shown to play a key role in the development of many human malignancies. A number of mutations have been identified in MET from various cancers. Recently, it has been shown that MET represents a key oncogenic signaling in lung cancer alongside with EGFR signaling (Rikova et al., 2007; Guo et al., 2008; Tang et al., 2008) . Moreover, MET can cross-activate with EGFR when they are co-expressed, which happens rather frequently (Rikova et al., 2007; Tang et al., 2008) . MET has also been shown to be an attractive therapeutic molecular target (Ma et al., 2003b; Shinomiya et al., 2004; Mazzone and Comoglio, 2006; Peruzzi and Bottaro, 2006; Smolen et al., 2006) . Here, we test the hypothesis that E1271K mutation of MET, analogous to E884K-EGFR, can also differentially alter inhibitory sensitivity toward selective MET inhibitors (Figure 6 ). The Glu(E)1271-Arg(R)1345 constitutes the conversed ion-pair in MET kinase (Figures 4 and 6) . The location of the E1271-R1234 ion pair in MET kinase is illustrated in the recently reported crystallographic structure of the MET kinase domain complexed with SU11274 (Bellon et al., Figure 4 The ion pair Glu(E)884-Arg(R)958 in the epidermal growth factor receptor (EGFR) kinase domain is a highly conserved feature in the human kinome. (a) A selected list of 32 diverse human protein kinases with known importance as validated or potential cancer therapeutic targets was included here with bioinformatics alignment analysis of the kinase domain amino-acid sequences. Glu884 (E884) and Arg958 (R958) of EGFR are both highly conserved residues among these kinases. (Left) Amino-acid alignment of the kinase domains of 32 diverse members of human protein kinases showing E884-EGFR is highly conserved: EGFR, ERBB2, ERBB3, ERBB4, RON, MET, TYRO3, MER, AXL, RYK, RET, FGFR1, FGFR2, FGFR3, FLT3, KIT, PDGFR-A, PDGFR-B, vascular endothelial growth factor receptor-1, vascular endothelial growth factor receptor-2, vascular endothelial growth factor receptor-3, SRC, EPHA2, EPHB2, FAK, ZAP70, TRK-A, TRK-B, TRK-C, IGFR1, ALK and c-ABL. (Right) R958-EGFR is also highly conserved among diverse members of kinases. For the complete alignment analysis of kinase domains of the human kinome, see Supplementary Figure 1. (b) EGFR kinase domain crystal structures (PDB accession codes 1M17 (Stamos et al., 2002) and 1XKK (Wood et al., 2004) ) when in complex with erlotinib (blue) and lapatinib (green) are shown. The locations of L858 (exon 21) and E884 (exon 22) are highlighted. E884 (acidic) and R958 (basic) residues form an ion pair in wild-type EGFR that would be disrupted by the E884K substitution from the acidic glutamic acid (E) to the basic lysine (K). The E884-R958 salt bridge is present in the kinase domain crystal structures complexed to either erlotinib or lapatinib. (c) Superposition of the EGFR kinase domain with the catalytic domains of diverse kinases shows structural conservation of a buried Glu(E)-Arg(R) ion pair. The crystal structure of EGFR tyrosine kinase (PDB accession code: 1M17) (Stamos et al., 2002) was superimposed with the catalytic kinase domains of human CDK2 (PDB accession code: 1VYW) (Pevarello et al., 2004) , human JNK3 (PDB accession code: 1PMQ) (Scapin et al., 2003) , human insulin receptor kinase (PDB accession code: 1IR3) (Hubbard, 1997) , ZAP-70 tyrosine kinase (PDB accession code: 1U59) (Jin et al., 2004) , LCK kinase (PDB accession code: 1QPD) (Zhu et al., 1999) and MET (PDB accession code: 2RFS) (Bellon et al., 2008) using Ca atoms in the program DeepView/Swiss-PdbViewer v3.7. The conserved Glu-Arg ion pair is shown in stick format, with oxygen atoms colored red and nitrogens, blue. The EGFR side chains are shown in yellow. The structural location of the ion pair is conserved in these crystal structures and helps orientate helix aEF. Figures 4b and c were prepared using the program PYMOL (www.pymol.org).
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. Stable COS-7 transfectant cells expressing similar levels of wild type and E1271K-MET were used in this experiment using the two reversible preclinical MET inhibitors SU11274 (Ma et al., 2005a) and PHA665752 (Ma et al., 2005a, b) . We did not find any significant modulation of sensitivity to SU11274 inhibition in the E1271K-MET cells (Figure 6b ). On the other hand, the E1271K mutation of MET enhanced the sensitivity of inhibition by PHA665752 in the phosphorylation of the mutant MET at its major autophosphorylation sites (pY1234/1235) (equivalent to pY1252/1253 phosphosites as in the full-length MET transcript, with a difference of 18 amino acids in the exon 10 with the common alternatively spliced variant) in the kinase domain, and its downstream signaling proteins AKT and ERK1/2 (Figure 6b ). Hence, disrupting the MET kinase salt bridge by the E1271K mutation also differentially alters sensitivity to MET kinase inhibitors in an inhibitor-specific manner.
Mutations at the conserved Glu(E)-Arg(R) ion pair in the human kinome As the E884K somatic mutation was originally identified in a never-smoker woman of Japanese descent, we performed mutational screening for the presence of mutation at the E884 and R958 residues of EGFR among a cohort of 67 lung tumor genomic DNA specimens from Japanese non-small-cell lung cancer patients (including 66 transbronchial biopsies and 1 surgical specimen). Nonsynonymous mutations were not present in either residue location in this patient cohort. On the basis of our results suggesting the conserved structure and function of the Glu(E)-Arg(R) ion pair in EGFR and among other kinases in the kinome, we hypothesized that there would be other cancer-associated mutations at the conserved ion pair within the human kinome in kinases other than EGFR. Here, we performed bioinformatics survey of the updated Catalog of Somatic Mutations In Cancer (COSMIC) database (http://www.sanger.ac.uk/genetics/CGP/cosmic/) containing Figure 5 Disruption of the conserved Glu(E)884-Arg(R)958 salt bridge by a R958D substitution differentially altered L858R mutant receptor sensitivity to epidermal growth factor receptor (EGFR) inhibitors. (a) Stable COS-7 transfects expressing the sensitizing L858R and double-mutant L858R þ R958D variants of EGFR were cultured in 0.5% bovine serum albumin-containing serum-free media for 16 h, and then incubated with increasing concentrations of either erlotinib or gefitinib, in the presence of EGF stimulation (100 ng/ml). Whole-cell lysates were extracted for SDS-polyacrylamide gel electrophoresis and immunoblotted using antibodies against the followings: p-EGFR (Y1068), EGFR and b-actin. R958D mutation modulated the effect of L858R on inhibitor sensitivity resulting in desensitization of the mutant receptor to erlotinib inhibition but modestly enhanced sensitivity to gefitinib inhibition. (b) Densitometric quantitation of the p-EGFR (Y1068) levels showing that R958D mutation differentially altered L858R mutant receptor sensitivity to erlotinib (more resistant) and gefitinib (more sensitive). Densitometric scanning of the immunoblot signals shown in (a) was performed using NIH ImageJ software program, with normalization to total EGFR expression levels.
Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al somatic mutations identified in kinases among human cancers ( Figure 7) . We have conducted a complete and comprehensive survey throughout the entire human kinome for mutations identified at the conserved Glu(E)-Arg(R) ion pair in COSMIC. We also documented here the hits identifying mutations clustered in the vicinity of the ion pair, 30 amino acids proximal or distal to the Glu(E) or Arg(R). Interestingly, several kinases within the kinome were found to have mutations occurred at the Glu(E) residue, homologous to the E884-EGFR residue. These include KIT (E839K), RET (E921K), STK11/LKB1 (E223*). These are all known cancer-associated kinases that have dysregulated signaling in various human cancers, including GIST and hematological malignancies (KIT), papillary thyroid cancer (multiple endocrine neoplasm syndrome type 2) (RET) and lung cancer (RET, LKB1).
Discussion
In the era of molecularly targeted therapeutics in cancer therapy, the impact of cancer-associated mutations on kinase inhibitor sensitivity-resistance has increasingly Figure 6 Mutational disruption of the conserved E1271-R1345 ion pair in MET kinase salt bridge causes inhibitor-specific modulation of sensitivity to SU11274 (unchanged) and PHA665752 (more sensitive). (a) MET kinase domain crystal structure (PDB accession code: 2RFS) (Bellon et al., 2008) highlighting the salt bridge between E1271 and R1345. Crystal structure solved in complex with SU11274 is shown. The conserved Glu-Arg ion pair is shown in stick format, with oxygen atoms colored red, nitrogen atoms colored blue and carbon atoms colored yellow. This figure was prepared using the program PYMOL (www.pymol.org). (b) Stable COS-7 transfects expressing E1271K mutant MET were cultured in 0.5% bovine serum albumin-containing serum-free media for 16 h, then incubated with increasing concentrations of the MET inhibitors SU11274 (top) and PHA665752 (bottom) as indicated, in the presence of HGF stimulation (50 ng/ml). Whole-cell lysates were extracted for immunoblotting using antibodies against p-MET (Y1234/Y1235), MET, p-AKT, AKT, p-ERK1/2, ERK1/2 and b-actin. Wild-type MET-expressing COS-7 transfectant cells were included as control. E1271K mutation of MET increased the sensitivity of MET kinase phosphorylation inhibition by PHA665752.
Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al important implications in the success of novel targeted inhibitors such as erlotinib (EGFR-TKI). Furthermore, knowledge of mutational correlation with inhibitor sensitivity-resistance would most likely facilitate more effective and 'personalized' targeted therapeutics development in cancer therapy. The clinical course of the patient where the somatic E884K mutation was identified (Choong et al., 2006) suggested that different mutations of a target kinase, such as EGFR, may lead to differential responses to targeted kinase inhibitors. Alternatively, one may postulate that there might be differences in cerebrospinal fluid penetrance by TKIs that could potentially account for central nervous system failure with disease progression in the compartment on therapy (Jackman et al., 2006) . Our biochemical studies here now show that E884K mutation in-cis with L858R differentially altered inhibitor sensitivity when compared with L858R alone, through differential inhibition of the pro-survival AKT and STAT3 signaling pathways associated with altered induction of cleaved-PARP(Asp214). This is also shown to occur in an inhibitor-specific manner within the class of various List of the mutations identified in the kinome is included as reference. The color code for the amino acids is included here. We have identified several kinases within the kinome that have mutations occurred at the Glu (E) residue, homologous to the E884-EGFR. These include KIT (E839K), RET (E921K) and LKB1 (E223*). These are all known oncogenic kinases that have dysregulated signaling in various human cancers, including GIST and hematological malignancies (KIT), papillary thyroid cancer (multiple endocrine neoplasm syndrome type 2) (RET) and lung adenocarcinoma (RET, LKB1). Whereas KIT and RET are oncogenes, LKB1 has been shown to be a tumor-suppressor gene in lung cancer, and here we showed clustering of truncation mutations at and near the salt bridge ion pair as a result of a number of mostly nonsense mutations among some missense mutations. Although no mutation at E1271-MET was found, there are frequent clustered hotspots of mutations at its close vicinity: three amino-acid residues proximally at M1268 (M1268T/I). This is a known activating mutation of MET frequently associated with metastatic lesions promoting tumor motility and progression. The selected kinases with positive 'mutational hits' in our kinome bioinformatics screen are shown here for illustration.
Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al ERBB family small-molecule inhibitors, including reversible single EGFR or dual inhibitors (gefitinib, erlotinib, lapatinib, 4557W, GW583340 and Tyrphostin-AG1478) and irreversible EGFR inhibitor (CL-387,785). Moreover, the E884K alone and L858R þ E884K double-mutant EGFR remained sensitive to EGF, and the E884K mutation cooperates with L858R when in-cis to enhance the mutational effects on downstream phosphoprotein activation. To date, essentially all mutational combinations involving L858R studied were found to exist in-cis, suggesting potential cis mutationto-mutation cooperation in EGFR signaling and possibly tumorigenesis (Tam et al., 2006) . Interestingly, the double mutation L858R þ E884K conferred a distinctly more sensitive response to EGF stimulation selectively in the MAPK-ERK1/2 cell proliferation pathway compared with either wild type, E884K alone or L858R alone. Hence, the double mutation L858R þ E884K modulated downstream EGFR signaling differentially with distinctly different effects on the AKT (downregulated) and MAPK-ERK1/2 phosphorylation (upregulated). Moreover, E884K had a dominant effect over L858R, when in-cis, in these signaling modulatory effects. E884K, alone or in-cis with L858R, can also mediate induction of p-STAT3 (pY705) (important for STAT3 dimerization and transcriptional activation of target genes) and may have a role in differential regulation of STAT3 activation and thus nuclear translocation for transcriptional activity (Lo et al., 2005) . Our data also share some similarities to the recent findings that various activating 'gain-offunction' mutations of FLT3 showed differential downstream signaling activation along the STAT3, STAT5, AKT and MAPK-ERK1/2 pathways, whereas all induced FLT3 kinase activation constitutively (Frohling et al., 2007) . EGFR somatic doublet mutations are potentially more frequent than understood previously, with majority of them representing driver/driver mutations rather than driver/passenger mutations (Chen et al., 2008) . Future kinome-targeted therapies should take into account oncogenic effects of doublet mutations in the targets, and detailed analysis of the identified doublet mutations would be warranted.
Through sequence bioinformatics and structural analysis, we identified that the E884-R958 ion pair in EGFR kinase domain is highly conserved, by both sequence homology and structural salt-bridge formation, across the entire human kinome. Many of the protein kinases in the human kinome are 'druggable' therapeutic targets for various human cancers (Krause and Van Etten, 2005; Ma et al., 2005a) . This striking finding provides a structural basis for the potential mechanism of alteration of substrate specificity. This hypothesis is substantiated by our study using mutational disruption of the E884-R958 ion pair through an R958D substitution resulting in an opposite electrostatic charge between the wild-type and the mutant residue at codon 958. Similar differential sensitivity toward gefitinib (more sensitive) and erlotinib (more resistant) was observed in our in vitro EGFR inhibition study here. It is interesting to note that this salt bridge is located directly between two regions critical for normal EGFR activation, the intermolecular EGFR activation interface and the activation loop. Residue R958 falls between helices aH and aI and is proximal to the intermolecular EGFR activation interface recently revealed by structure-directed studies (Zhang et al., 2006) . Residue E884 is the conserved glutamate of the MALE motif (MAPE in PKA) and falls within helix aEF at the C terminus of the activation loop. This salt bridge helps to orientate helix aEF. In the recent EGFR kinase domain crystal structure bound to a peptide substrate analog (PDB accession code: 2GS6) (Zhang et al., 2006) , helix aEF packs against the substrate analog, suggesting that disruption of the salt bridge by an acquired E884K mutation could influence substrate recognition and binding. The acquisition of a lysine at codon 884 may therefore bring about local conformation disruptions that alter EGFR interactions with downstream substrates. Although we did not identify further E884K mutation (or any mutations involving R958 residue) in EGFR from the Japanese patients tumor sample cohort, the results of our study may have implication on the potential impact of cancer-associated mutations that may interrupt the integrity of the salt bridge of a kinase. As the human kinome is a rich source of 'druggable' targets, we extended our search through bioinformatics data-mining from the COSMIC human cancer genome resequencing project. To this end, we identified several proximal ion pair residue substitutions recorded in the COSMIC database at the E884 (EGFR) homologous residue, in the oncogenic kinases KIT and RET as well as in the tumor-suppressor LKB1 (also known as STK11). Mutations at the neighboring residues of the conserved motif MAPE(884), as exemplified in FAK-A612V, MET-M1268I/T, RET-M918T and RET-A919V, as well as the truncational nonsense mutation in LKB1-Q220*, were also identified from the COSMIC database. Furthermore, the juxtaposing proximal region to the MAPE(884) conserved motif in the kinome also appears to harbor mutational hotspots in the human cancer genome. Nonetheless, the significance of these mutations with respect to the kinase structure and signaling function is not clear. Although KIT has been extensively characterized with an established oncogenic role in some hematological malignancies and GIST, it has not been found to play a key role in lung cancer. However, recent studies have implicated interesting oncogenic role of RET (Thomas et al., 2007) , FAK (Ma et al., 2007; Rikova et al., 2007) , MET (Ma et al., 2005a) and tumor-suppressor role of LKB1 (Ji et al., 2007) in lung cancer.
Recently, better understanding of signaling network interactions between EGFR and MET is beginning to emerge (Guo et al., 2008; Tang et al., 2008) . MET genomic oncogenic amplification has also been identified to correlate with acquired resistance to EGFR inhibitors (gefitinib/erlotinib) with or without T790M-EGFR mutation (Bean et al., 2007; Engelman et al., 2007) . Numerous kinase domain mutations of MET have been identified in previous studies, many of them shown to be activating and most frequently found in Disruption of conserved E884-R958 ion pair in EGFR Z Tang et al metastatic tumor lesions compared with the primaries (Di Renzo et al., 2000) . The E1271-MET conserved ion pair residue occurs within the conserved MALE motif, where M1268 is a mutational hotspot frequently found substituted in human cancers (M1268T/I). This is a known activating mutation of MET frequently associated with metastatic lesions promoting tumor motility and progression. Our results here demonstrate that E1271K-MET effectuated differential effect on sensitivity toward the two preclinical MET inhibitors, SU11274 (unchanged) and PHA665752 (sensitizing). Hence, mutations in the kinase domain of MET may play a role in modulating the inhibitory spectrum of MET inhibitors, similar to what is established in EGFRtargeted therapy using gefitinib/erlotinib. Whether these mutationally specific differences in inhibitor sensitivity would eventually be clinically relevant is not clear at present and should be a focus of future research. MET is emerging as an important therapeutic target in cancer therapy beyond EGFR. More detailed studies to better define the relative role of kinase mutations in MET and how they can modulate inhibitor sensitivity would be warranted. Furthermore, nonkinase mutations of MET, in the extracellular sema domain and the short cytoplasmic juxtamembrane domain, have been identified to be important in lung cancer and mesothelioma (Ma et al., 2003a (Ma et al., , 2005a Jagadeeswaran et al., 2006) . Little is known about the correlation of inhibitor sensitivity with these nonkinase mutations, and they should be included in future studies. Bellon et al. (2008) recently compared the crystal structures of a novel MET inhibitor AM7, and that of SU11274 when bound to the unphosphorylated form of MET kinase. They identified a novel binding mode of a MET inhibitor AM7 compared with SU11274 and raised the possibility of designing TKIs that have improved specific activity and specificity toward different mutant profiles in different cancers; hence 'mutationallytargeted inhibitors'. Although the role of kinase domain mutations in modulating the sensitivity-resistance to small-molecule inhibitors, in the case of BCR/ABL, KIT and EGFR, has been quite extensively studied, in-depth understanding of the relative role of mutations in other target kinases, such as MET, RET and FAK in determining specific inhibitor sensitivity is still largely lacking. The ion pair formed by residues E884 and R958 in the EGFR kinase domain is a highly conserved feature in the human kinome, and mutations of this conserved ion pair may result in conformational changes that alter kinase substrate recognition. The discovery that disruption of the conserved E884-R958 ion pair affects EGFR signal transduction and inhibitor sensitivity indicates the clinical importance of in vitro and biochemical analysis for all documented resistance mutations. Our analysis also suggests that targeted therapy using small-molecule inhibitors should take into account potential cooperative effects of multiple intramolecular kinase mutations. As the number of targeted TKIs available increases, it is anticipated that a 'personalized' approach to cancer therapy on the basis of knowledge of the activating mutations present should improve the efficacy of these treatments.
Materials and methods
Plasmid constructs and site-directed mutagenesis The plasmids pcDNA3.1 containing the full-length wild-type EGFR and the L858R-EGFR cDNA insert was a generous gift from Dr Stanley Lipkowitz (NIH/NCI). The generation of the kinase domain missense mutations of EGFR, E884K, L858R þ E884K and L858R þ R958D were performed using the QuikChange Site-Directed Mutagenesis XL II kit (Stratagene, La Jolla, CA, USA) as described previously (Choong et al., 2006) . The E1271K mutation of MET was introduced into the wild-type MET plasmid (Ma et al., 2003a) . Incorporation of the correct mutations was confirmed by direct DNA sequencing of the constructs.
Cell culture and transfection COS-7 cells were grown as described previously (Choong et al., 2006) . Transfection method was described in Supplementary Materials and methods.
Cell proliferation and cytotoxicity assays Cell proliferation and cytotoxicity assays were performed using tetrazolium compound-based CellTiter 96 AQ ueous One Solution Cell Proliferation (MTS) assay (Promega) (see Supplementary Materials and methods).
Preparation of cell lysates and immunoblotting
Whole-cell lysates were extracted, separated by 7.5% SDSpolyacrylamide gel electrophoresis , immunoblotted using the various primary antibodies indicated and developed with SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) as described previously (Choong et al., 2006) . The following primary antibodies were used: phosphotyrosine (4G10, Upstate Biotechnology, Lake Placid, NY, USA), phospho-EGFR (Y1068) (BioSource International, Camarillo, CA, USA), EGFR (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-STAT3 (Y705) (Cell Signaling, Danvers, MA, USA), STAT3 (Zymed, South San Francisco, CA, USA), phospho-AKT (S473) (Cell Signaling), AKT (Biosource International), phospho-ERK1/2 (T202/ Y204) (Cell Signaling), ERK1/2 (Biosource International), cleaved-PARP(Asp214) (cleaved-poly (ADP-ribose) polymerase (Asp214)) (Cell Signaling) and b-actin (Santa Cruz Biotechnology).
Chemicals
The details regarding the EGFR TKIs and MET TKIs used in this study are described in the Supplementary Materials and methods.
Lung tumor genomic DNA extraction and DNA sequencing Genomics DNA was extracted using standard techniques from 67 non-small-cell lung cancer patients treated from July 1995 to March 2003 at Osaka Prefectural Medical Center for Respiratory and Allergic Disease (Osaka, Japan). All tumor samples were used in accordance with Institutional Review Board protocol, with patients' informed consent wherever necessary. Screening for mutations within exon 22 (harboring E884) and exon 23 (harboring R958) was performed using standard single-strand conformational polymorphism analysis, followed by direct DNA sequencing when indicated (for details, see Supplementary Materials and methods).
Bioinformatics sequence analysis
Multiple sequence alignments of kinase domains in the human kinome were performed for 321 human kinase domains. The positions of the conserved glutamate (E) and arginine (R) residues are colored purple and those of EGFR are indicated in red. FASTA files for human kinase domains were obtained from the kinase database at Sugen/Salk (Kinbase, La Jolla, CA, USA) and aligned with the AliBee multiple sequence alignment program (GeneBee) (Brodsky et al., 1992) using Clustal format. Resulting alignments were colored using JalView 2.2 (Clamp et al., 2004) according to sequence conservation (BLOSUM62). In addition, the amino-acid sequences from a selected list of 32 diverse human protein kinases were obtained from the ENSEMBL database (www.ensembl.org). The amino-acid sequences of these kinase domains were analysed and aligned using the EMBL-EBI online CLUSTALW software (www.ebi.ac.uk/clustalw).
Structural analysis EGFR crystal structures (PDB accession codes 1M17, 1XKK and 2GS6) (Stamos et al., 2002; Wood et al., 2004; Zhang et al., 2006) were analysed using the program O (Jones et al., 1991) . Superposition of the EGFR kinase domain with the catalytic domains of diverse kinases was performed to study the structural conservation of a buried Glu(E)-Arg(R) ion pair. The crystal structure of EGFR tyrosine kinase (PDB accession code: 1M17) (Stamos et al., 2002) was superimposed with the catalytic kinase domains of human CDK2 (PDB accession code: 1VYW) (Pevarello et al., 2004) , human JNK3 (PDB accession code: 1PMQ) (Scapin et al., 2003) , human insulin receptor kinase (PDB accession code: 1IR3) (Hubbard, 1997) , ZAP-70 tyrosine kinase (PDB accession code: 1U59) (Jin et al., 2004) , LCK kinase (PDB accession code: 1QPD) (Zhu et al., 1999) and MET (PDB accession code: 2RFS) (Bellon et al., 2008) using Ca atoms in the program DeepView/ Swiss-PdbViewer v3.7. Figures were prepared using the program PYMOL (www.pymol.org).
Abbreviations COSMIC, catalogue of somatic mutations in cancer; EGFR, epidermal growth factor receptor; MAPK (ERK1/2), mitogenactivated protein kinase (extracellular signaling-regulated kinase 1/2); STAT3, signal transducer and activator of transcription 3; TKI, tyrosine kinase inhibitor.
